Chemical reactions at the gas-surface interface are ubiquitous in the chemical industry as well as in nature. Investigating these processes at a microscopic, quantum state-resolved level helps develop a predictive understanding of this important class of reactions. In this review, we present an overview of the field of quantum state-resolved gas-surface reactivity measurements that explore the role of the initial quantum state on the dissociative chemisorption of a gas-phase reactant incident on a solid surface. Using molecular beams and either quantum state-specific reactant preparation or product detection by laser excitation, these studies have observed mode specificity and bond selectivity as well as steric effects in chemisorption reactions, highlighting the nonstatistical and complex nature of gas-surface reaction dynamics.
INTRODUCTION
Chemical reactions of gas-phase molecules on solid surfaces are central to many industrial processes, including heterogeneous catalysis and chemical vapor deposition (1) . Although on an industrial scale these processes appear to be complex, at a molecular level they can be decomposed into a series of elementary reaction steps. For example, in the steam reforming of methane to produce hydrogen, the rate-determining step is the dissociative chemisorption of methane on the catalyst surface (2) . Steam reforming also involves the dissociative chemisorption of water and the desorption of the hydrogen formed by the reaction. An alternative method for producing hydrogen is the dry reforming of methane, which requires the dissociative chemisorption of both methane and carbon dioxide on the catalyst (3) . The hydrogen made in these processes can then be used to synthesize ammonia in the Haber process, involving the dissociative chemisorption of both nitrogen and hydrogen (4) . One of the steps necessary for the manufacture of semiconductor devices is the dissociation of silane on a silicon surface (5) . Developing a predictive understanding of these and other elementary reactions is therefore not only of fundamental interest, but also of potentially great value to the associated industrial processes.
The dissociation of a polyatomic molecule on a solid surface, including all molecular and surface degrees of freedom, still presents a problem too complex to be treated by ab initio theory. To make the problem tractable, one must make certain approximations in theoretical modeling. For even the simplest systems involving multiple electrons, it is common to work within the Born-Oppenheimer approximation (BOA) (6) . The BOA assumes that nuclei are stationary on the much faster timescale of electronic motion. Consequently, electronic and nuclear motion can be treated separately, allowing a potential energy surface (PES) to be obtained by calculating the energy of the molecule-surface system at different nuclear coordinates, which can then be used for modeling the dynamics. Scattering experiments for NO (7) (8) (9) , CO (10) (11) (12) (13) , and HCl (14-16) from metal surfaces have provided evidence that the BOA is not always valid in these systems. The applicability of the BOA to gas-surface interactions is the subject of several recent reviews (17) (18) (19) . Further approximations are often made in theoretical modeling of gas-surface reactions, including the use of density functional theory (DFT) (20) to describe electronic motion, as well as reduced-dimensional models (21) for treating nuclear motion either classically (22) or quantum mechanically (23) .
To test the accuracy of the theoretical models and the approximations made at a molecular level, it is essential to have detailed experimental data where the variables controlling reactivity are systematically studied. The experiments described in this review fulfill this requirement by combining molecular beam techniques with quantum state-specific reactant preparation, or product detection, to measure state-resolved sticking coefficients, S 0 (v, J), defined as the probability that an incident reactant molecule prepared in a specific rovibrational quantum state with vibrational and rotational quantum numbers v and J reacts by dissociative chemisorption on a solid surface.
Experiments investigating how translational energy and rovibrational quantum state influence the reactivity provide information about the PES and the transition-state structure. The relative efficiency with which vibrational energy in a particular vibrational mode, ν i , of the reactant promotes dissociative chemisorption compared to incident translational energy normal to the surface is quantified through the vibrational efficacy, η(ν i ) (24) . The highest values of η(ν i ) are expected for vibrational modes that distort the reactant molecule toward the transition-state structure.
In addition to the translational energy and rovibrational quantum state of the incident molecule, the surface can also have a significant effect on the reactivity. The lack of a band gap for metals allows the excitation of electron-hole pairs at any energy, providing a pathway for vibrational relaxation of the incident molecule, in addition to phonon excitation, which can occur in any crystalline material. For semiconductors and insulators, the band gap between the valence and REMPI: resonantly enhanced multiphoton ionization conduction bands is larger than the vibrational energy, preventing electron-hole pair excitation. Comparing results obtained for different surface materials can therefore serve to test the validity of the BOA. Changing between different crystallographic orientations of the same material can also have an effect on the sticking coefficient due to changes in packing symmetry, coordination number, and corrugation. Studying the dependence of the reactivity on the surface temperature shows how motion of the surface atoms, introducing increased corrugation, affects the barrier height of the reaction.
Our selection of gas-surface reactions that have been studied so far is motivated by a number of factors, such as experimental feasibility, relevance to applications, and amenability to theory. Several of the systems presented in this review have been the subject of previous reviews, and the interested reader is directed to the references given below. The outline of this review is as follows. We present an overview of the experimental methods employed for investigating stateresolved reactivity at the gas-surface interface in Section 2. In Section 3 we discuss studies on the dissociative chemisorption of methane on transition metal surfaces, which has become the prototype system for quantum state-resolved reactivity measurements (25) (26) (27) (28) . Section 3 is organized to highlight how different parameters affect the sticking coefficients of molecules. In Section 4, we present experiments for the dissociative chemisorption of H 2 on copper (29) (30) (31) (32) (33) , palladium (32) , silver (32) , and silicon (34, 35) surfaces, comparatively simple systems that have provided a testing ground for earlier theoretical work. We then discuss state-resolved measurements for other polyatomic-surface systems before finishing the review with a summary.
EXPERIMENTAL METHODS
In this section, we discuss the experimental techniques that have been used in the measurements included in this review. Detailed overviews of the state-of-the-art machines used to study reactions at the gas-surface interface are presented in References 36-39.
Molecular Beams
Molecular beams provide a high-density and collision-free source of incident reactant molecules with a well-defined and narrow range of velocities (40) . Their use allows control of both the incident speed and the angle, making them ideal tools for studying gas-surface reactions (41, 42) . As vibrational cooling is inefficient in the supersonic expansion used to generate a molecular beam, changes in nozzle temperature control the population of the vibrational states of molecules in the beam, allowing the effect of the thermally populated vibrations to be determined. The use of molecular beams for surface dynamics experiments has demonstrated the dramatic increase in reactivity caused by increasing either the incident translational energy or the vibrational energy of the reactant molecules (43-48).
Reactant Preparation by Laser Excitation
Lasers enable the state-specific preparation of incident reactant molecules as well as the stateresolved detection of molecules scattered from a solid surface (49) . State preparation by laser excitation removes the averaging over vibrational and rotational states inherent in experiments with thermal beams. The quantum state distribution of scattered or desorbing molecules can be obtained by resonantly enhanced multiphoton ionization (REMPI), although bolometric detection in combination with laser tagging has also been used (50) .
State-specific excitation of the incident reactant molecules provides a direct method for investigating the effect of the initial rovibrational state on the dissociative chemisorption. Utz (26) have shown that the state-resolved reactivity S 0 (ν i ) can be obtained from the measured average reactivities with laser excitation [S 0 (laser on)] and without laser excitation [S 0 (laser off )] as
where f exc is the fraction of the incident molecules that are transferred from the ground state v = 0 to the excited rovibrational state by the laser. A distinction is made between the laser-off reactivity and the vibrational ground-state reactivity, S 0 (v = 0), as thermally populated vibrations can make a significant contribution to the laser-off sticking coefficient, especially at higher nozzle temperatures. For this reason, S 0 (v = 0) can be difficult to determine experimentally, although it is often orders of magnitude smaller than S 0 (ν i ), allowing this term to be neglected without introducing significant error.
To accurately determine S 0 (ν i ), it is necessary to excite a significant fraction of the incident reactant molecules to a specific rovibrationally excited state. Coherent excitation by resonant infrared laser radiation will cause Rabi cycling of the population between the levels that are connected by an electric dipole transition, allowing population transfer from an initial to a final rovibrational state. When using Rabi cycling, however, it is difficult to control the final state population. Because the Rabi frequency depends on the laser intensity and the transition dipole moment, not all molecules in the molecular beam will have the same cycling time due to intensity variation in the laser beam profile, the presence of degenerate M levels with different transition moments, and the distribution of velocities. When averaged over a sufficiently large number of Rabi frequencies and cycles, half of the initial state population will be transferred to the excited rovibrational level.
Through application of a time-dependent laser frequency (a chirp), it is possible to achieve complete population transfer from an initial to a final rovibrational state via rapid adiabatic passage (RAP) (51) . RAP is more efficient and more robust for quantum state-specific reactant preparation than is Rabi cycling, as it is less dependent on the excitation field intensity, the Rabi frequency, and both the velocity distribution and the angular divergence of the molecular beam. For RAP to occur, the continuous-wave laser beam is focused by a cylindrical lens to create curved wavefronts in the excitation field. This wavefront curvature will create a Doppler tuning seen by the reactant molecules as they traverse the laser beam, which can be adjusted to result in complete transfer of the population from the initial to the final state. Using two consecutive RAP excitation steps allows the preparation of overtone and combination bands and provides access to totally symmetric vibrational states that cannot be accessed via a one-photon transition from the ground state (52) . An alternative method of preparing totally symmetric vibrational modes, which has been used to prepare the symmetric stretch of CH 4 , is stimulated Raman pumping (53) . Stimulated emission pumping (54) has also been employed to prepare molecules in higher vibrational states.
Product Detection
A widely applicable and commonly used method for detecting surface-bound adsorbates on a conducting surface is Auger electron spectroscopy (AES) (55) . For AES detection, the surface is moved in front of an electron energy analyzer and bombarded with a primary beam of fast electrons with 3-5 keV of kinetic energy. Inelastically scattered Auger electrons are filtered by the electron energy analyzer and detected according to their kinetic energy, which allows the analysis of the elemental composition of the surface. AES can neither detect hydrogen or helium nor distinguish between isotopes of the same element. To overcome these limitations, alternative techniques have been developed.
One method is to titrate the adsorbed species using a chemical reaction to produce gas-phase species that can be detected by mass spectrometry. Johnson et al. (56) showed that methyl species, CH 3 (ads), chemisorbed on a Ni(111) surface, recombine only with subsurface hydrogen atoms when the sample temperature is increased, whereas surface hydrogen atoms do not recombine with CH 3 (ads). The desorbing CH 4 is detected by a mass spectrometer to quantify the CH 3 (ads) coverage resulting from a deposition experiment. This method has the advantages of being selective for CH 3 (ads) and highly sensitive. Bulk hydrogen titration cannot be used on platinum surfaces, because as the surface temperature (T s ) increases, both recombinative desorption of CH 3 (ads) to make CH 4 and dehydrogenation of the CH 3 (ads) to make surface-bound C(ads) occur (57, 58) . The branching ratio of these two pathways is sensitive to the amounts of both CH 3 (ads) and H(ads) on the surface (58), preventing an accurate calibration of the method.
Surface-bound carbon can also be detected through oxygen titration (46) by exposing the adsorbate-covered surface to a beam of oxygen. The oxidation products CO and CO 2 promptly desorb and are detected by mass spectrometry.
For the state-resolved reactivity measurements of SiH 4 dissociation on Si(100), the adsorbed hydrogen can be detected by secondary ion mass spectrometry (SIMS) (59) . Following the deposition of SiH 4 , the silicon surface is oxidized, which increases the yield of Si + ions detected. The reactivity of the silicon surface to oxygen is reduced by 12 orders of magnitude where adsorbed hydrogen coming from the dissociation of SiH 4 passivates the surface (60), effectively reducing the yield of Si + ions detected. Monitoring the current from Si + allows the coverage of hydrogen on the surface to be determined.
The detection methods discussed so far are invasive in the sense that they can be used to quantify surface-bound adsorbates only after a deposition experiment. A noninvasive method that can be employed to monitor the adsorbate uptake throughout the reactant deposition is reflection absorption infrared spectroscopy (RAIRS) (61) , as the weak infrared light perturbs neither the incident molecules nor the adsorbates. This has been used for detecting CH 3 (ads) on Pt(111), as well as its deuterated isotopologues, which can be distinguished due to isotopic shifts of the adsorbate vibrational frequencies. However, the use of RAIRS is limited to surface temperatures where the nascent chemisorption products are stable and do not desorb.
The final method used in the experiments included in this review is to probe the scattered or desorbing molecules by REMPI. Species such as H 2 , N 2 , NO, and HCl, which all possess long-lived excited electronic states, can be detected by REMPI with quantum state resolution and with very high sensitivity. Using time-of-flight (TOF) methods in combination with REMPI, one can obtain both the rovibrational state and the translational energy of the scattered molecules. For desorbing molecules, detailed balance can be used to infer information about the dissociative chemisorption, and when scattered molecules are probed, the number of molecules that stick can be found from the difference between the incident flux and the scattered flux.
DISSOCIATIVE CHEMISORPTION OF METHANE ON TRANSITION METAL SURFACES

Mode Specificity
The earliest quantum state-resolved studies of methane chemisorption focused on comparing the effects of vibrational energy (E v ) and translational energy (E t ) on the sticking coefficient. Juurlink et al. (62) measured S 0 (ν 3 ) for CH 4 dissociation on Ni(100) as a function of E t and compared IVR: intramolecular vibrational energy redistribution it to the reactivity S 0 (laser off ), which is an upper limit for the ground-state reactivity S 0 (v = 0). Similarly, Higgins et al. (63) and Schmid et al. (64) determined S 0 (2ν 3 ) for the dissociation of methane on Pt(111) and on Ni(100), respectively. In each case, it was observed that adding either E t or E v to the incident methane increased the sticking coefficient, but that each promoted the reaction to a different extent. These measurements provided the first indication that methane chemisorption is not statistical; i.e., its reactivity does not simply depend on the total energy of the reactant molecule but on how the energy is distributed over its different molecular degrees of freedom.
The nonstatistical and mode-specific nature of methane chemisorption was clearly demonstrated by the results reported by Beck et al. (65) , who showed that excitation of two different isoenergetic vibrational modes of CD 2 H 2 leads to significantly different sticking coefficients on Ni(100). The authors determined the state-resolved reactivity of CD 2 H 2 for the vibrational states labeled ν 1 + ν 6 and 2ν 6 in a normal mode basis. In a local mode basis, the ν 1 + ν 6 state corresponds to the excitation of a single C-H bond with two quanta of C-H stretch (|2000 ) and the 2ν 6 state to the excitation of one quantum of C-H stretch in each of the two C-H bonds (|1100 ). The reactivity for the |2000 state was measured to be up to a factor of five higher than that for the |1100 state, consistent with the idea that in order to break a single C-H bond in CD 2 H 2 , it is more efficient to localize all the C-H stretch amplitude in a single C-H bond than to stretch both C-H bonds to a lesser extent.
This first example of mode specificity was followed by the experimental study of different vibrational modes of CH 4 on a range of transition metal surfaces, including ν 1 + ν 4 , ν 3 + ν 4 , 2ν 3 , and 2ν 2 + ν 4 on Pt (110) (111) (74). Comparison of these studies shows that the vibrational efficacy of the symmetric stretch (ν 1 ) is the largest, followed by that of the antisymmetric stretch (ν 3 ), and that the efficacies of the bends (ν 2 and ν 4 ) are similar and smallest. Furthermore, the measurements on Pt(110)-(1×2) show that the efficacy of stretch-bend combinations (ν 1 +ν 4 and ν 3 +ν 4 ) is larger than those for the pure stretch (2ν 3 ) or pure bend (2ν 2 + ν 4 ) states, demonstrating that the efficacies of the overtones and combination bands cannot simply be calculated from those of the contributing fundamental vibrational modes. As an example, the state-resolved CH 4 sticking coefficients on Pt(110)-(1×2) are shown in Figure 1 .
In a recent study using double resonance excitation by RAP, Hundt et al. (52) measured different efficacies for the three different symmetry components of the 2ν 3 overtone for CH 4 dissociation on Pt (111) . The authors attributed the observed mode specificity to different degrees of C-H stretch vibrational amplitude localization in the dissociating bond (75) . All these results demonstrate that the intramolecular vibrational energy redistribution (IVR) in the reactant molecule is slow on the several-hundred-femtosecond timescale of the reactive collision (76) , in contradiction with the basic assumption of fast and complete IVR made by statistical rate theories (77-80). Killelea et al. (81) were the first to demonstrate vibrational bond selectivity in the dissociative chemisorption of methane on Ni (111) . They showed that excitation of the C-H stretch fundamental ν 1 in CHD 3 results in a C-H:C-D cleavage branching ratio greater than 30:1. This is in contrast to measurements made without laser excitation, where a statistical branching ratio of 1:3 was observed. To detect and distinguish the adsorbed methyl species, Killelea et al. used deuterium titration, where subsurface D atoms recombine with the CHD 2 (ads) and CD 3 (ads) on the Ni(111) surface as T s is increased. The desorbing CHD 3 and CD 4 are detected by a mass spectrometer. The subsurface D atom titration method is limited to studying bond selectivity in CHD 3 on Ni(111). Using RAIRS detection, Chen et al. (82) extended the bond selectivity studies to all the partially deuterated isotopologues of methane on Pt (111) . The RAIR spectra in Figure 2 show that excitation of a C-H stretch fundamental leads exclusively to C-H bond cleavage for CH 3 D(ν 4 ), CH 2 D 2 (ν 6 ), and CHD 3 (ν 1 ). Hundt et al. (83) continued these bond selectivity measurements on Pt(111) for other C-H excited states of CH 3 D and CH 2 D 2 and found their chemisorption to be both bond selective and mode specific.
Controlling Dissociation Through Vibrational Excitation
Vibrational excitation can also be used to make the dissociative chemisorption of methane isotope selective. Utz and coworkers (84) used a molecular beam of methane with natural abundances of 12 CH 4 (98.9%) and 13 CH 4 (1.1%); they demonstrated that exciting the antisymmetric stretch of 13 CH 4 led to a ninefold enrichment of 13 C deposited on the surface. With optimization of the experimental conditions, the authors suggested that this selectivity for 13 CH 4 could be increased to over 99%.
Spatial control over the deposition of methane dissociation products has also been demonstrated through laser excitation; Utz and coworkers (85) used the Doppler shift in a diverging molecular beam to selectively excite the ν 3 mode of CH 4 only in the center of the molecular beam by a single-mode laser. As the vibrationally excited molecules are the most reactive, this leads to a narrow stripe of adsorbates on the surface. Through intentional misalignment of their multipass cell, used to increase the number of vibrationally excited molecules, they could also deposit a pattern of equally spaced stripes of adsorbates on the Ni(100) surface. Such isotopic and spatial control is of potentially great value in chemical vapor deposition. 
Role of Rotation
The role of rotational excitation in the dissociative chemisorption of methane was studied by Juurlink et al. (86) on Ni(100). They excited the four lowest rotational levels of CH 4 (ν 3 ) and found that the sticking coefficient varied by less than a factor of two. This suggests an absence of steering effects that would lead to an increase in sticking coefficient as the rotational level decreases. Additionally, they excited the ν 3 , J = 1 state using P-, Q-, and R-branch excitation to probe for any differences in reactivity between the three Coriolis levels of the ν 3 vibration. The authors found that the reactivity for each state was the same, within experimental error.
Role of Reactant Alignment
The lack of significant steering forces is further supported by measurements of Yoder et al. (87, 88) , who studied alignment effects in methane dissociation on Ni(111), Ni(100), and Ni (110) . Using linearly polarized light to prepare and align CH 4 (ν 3 ), they determined that the sticking coefficient was largest for molecules with the C-H stretch amplitude aligned parallel to the surface and smallest for those with the amplitude aligned perpendicular to the surface, for all three nickel surfaces. On the Ni(111) surface, the authors found that the reactivity increased by 40%, an observation that has recently been reproduced in simulations using quasi-classical trajectory calculations (89). Yoder et al. also investigated how the reactivity depends on the azimuthal alignment of the C-H stretch on the corrugated Ni(110) surface. By rotating the surface about the surface normal, they could align the C-H stretch amplitude in the plane of the surface either parallel or perpendicular to the close-packed rows of Ni atoms. The measurements showed a higher reactivity when the C-H stretch amplitude was aligned perpendicular to the rows than when it was parallel to the rows, demonstrating the effect of surface structure on the sticking coefficient.
Role of Incidence Angle and Impact Site
First-principles calculations for CH 4 dissociation show how the dissociation barrier depends on the impact site of the incident reactant. For example, on Ni(111) and Pt(111), the minimum barrier is calculated for dissociation over the top site (90). Bisson et al. (91) exploited shadowing effects on a corrugated Pt(110)-(1×2) surface to control the impact site of incident methane in order to measure the relative reactivity of ridge and trough sites. To do this, they determined the polar-angle dependence of the CH 4 (ν 3 ) reactivity for incidence parallel and perpendicular to the close-packed rows of Pt atoms. For incidence perpendicular to the rows, the ridges effectively shadow the troughs for angles greater than 40 o , whereas when directed parallel to the rows, the molecules sample the ridges and troughs equally. A larger sticking coefficient was measured with the beam perpendicular to the rows, where CH 4 collides preferentially with the ridge sites, demonstrating that the reactivity of the ridge sites is larger than that of the troughs. Bisson et al. (67) also found that the sticking coefficient on the corrugated Pt(110)-(1×2) surface was larger than that obtained under the same conditions on the flatter Pt(111) surface. This was attributed to the lower coordination number of the atoms in the ridges, which lowered the activation barrier for the reaction at these sites.
Role of Surface Temperature
The influence of the surface temperature on the sticking coefficient has been studied by Campbell and coworkers (92, 93) for CH 4 (ν 3 ) on Ni (111) . Oxygen and hydrogen titrations were used to quantify the adsorbed species. The surface temperature was varied between 90 K and 475 K, and it was found that the reactivity increased by three orders of magnitude when E t of the incident beam 
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Figure 3
The sticking coefficient for the dissociative chemisorption of CH 4 (ν 3 ) on Ni(111) for different surface temperatures. At T s = 90 K, a sharp threshold is observed at E t = 42 kJ/mol. Below E t = 42 kJ/mol, S 0 (ν 3 ) strongly depends on T s , whereas the dependence is less pronounced at higher incident energies. increased from 34 kJ/mol to 42 kJ/mol at T s = 90 K, but only by a factor of two at T s = 475 K. This observation was attributed to an increase in the thermal motion of the surface atoms as T s increases. The calculations of Jackson and coworkers (23, 94, 95) showed how moving a surface atom above the surface plane reduces the activation barrier for dissociative chemisorption. Their calculations predict an efficacy of 1.1 for surface phonons, making phonon excitation more efficient than E t at promoting the dissociation of CH 4 . As shown in Figure 3 , the results at the lowest surface temperature show a sharp threshold in sticking coefficient at E t = 42 kJ/mol, which, the authors argued, corresponds to the minimum E t needed to overcome the activation barrier, as at T s = 90 K there will be little reduction in the barrier height through motion of the surface atoms.
Combining this E t with the 36 kJ/mol of E v in ν 3 gives an experimentally determined activation barrier to the reaction of 78 kJ/mol, in good agreement with the value from calculations (93).
The Transition Metal Surface: Ni(111) Versus Pt(111) Versus Ir(111)
Whereas most of the quantum state-resolved reactivity studies reported so far have focused on platinum and nickel surfaces, Dombrowski et al. (74) studied the dissociation of CH 4 (ν 3 ) on Ir(111). They observed a minimum in the sticking coefficient near E t = 10 kJ/mol, with S 0 (ν 3 ) increasing at both higher and lower values of E t. The increase in S 0 (ν 3 ) with decreasing E t is indicative of a precursor-mediated pathway, where the methane is initially trapped in a physisorbed precursor state before dissociation occurs. Precursor-mediated dissociation has not been seen in state-resolved studies of CH 4 on Pt(111) and Ni(111), but was observed for E t < 9.6 kJ/mol in a SVP: sudden vector projection study by Walker & King (96) on Pt(110)-(1×2), although their measurements were not quantum state-resolved. The authors also found that η(ν 3 ) for the dissociation of CH 4 on Ir(111) was the same for both the precursor-mediated pathway and direct chemisorption, suggesting that E v remains in the molecule on the several-picosecond timescale in which the CH 4 is trapped before it dissociates. Also, η(ν 3 ) = 0.43 for Ir (111) (74), which is smaller than for Ni (111) [η(ν 3 ) = 1.25 (69) ] and Pt (111) [η(ν 3 ) = 0.71 (72) ]. The magnitude of η(ν 3 ) is related to the length of the dissociating C-H bond at the transition state (97, 98) , with the largest efficacy associated with the longest bond. This suggests that preparing the reactant in a state that distorts the molecules toward the transitionstate structure enhances its reactivity. Guo and coworkers (99, 100) applied this idea in their sudden vector projection (SVP) model by calculating the projection of the initially prepared vibrational state onto the transition-state structure to predict the ordering of the vibrational efficacies for different vibrational states.
DISSOCIATIVE CHEMISORPTION OF HYDROGEN
Recombinative Desorption of D 2 on Copper
The recombination of two adsorbed H atoms to form desorbing H 2 on a transition metal surface is the time-reverse process of the dissociative chemisorption of H 2. H-atom permeation through a Cu single crystal can be used to produce a steady stream of H 2 desorbing from the copper surface, which can be detected with quantum state resolution by REMPI. Using the principle of detailed balance, the measured rovibrational state distributions of the desorbing H 2 (or D 2 ) can be converted to state-resolved sticking coefficients for hydrogen chemisorption.
Michelsen et al. (101, 102) observed both vibrationally and rotationally excited D 2 desorbing from Cu (111) . They found that the dissociative chemisorption is promoted most efficiently by incident E t and least efficiently by rotational energy. The vibrational efficacy was found to be less than one for all vibrational states, decreasing with increasing v (103).
For J = 0 to J = 5, S 0 (v) was found to decrease with increasing J before increasing again for J > 5, with this trend being most marked for v = 0. This observation was attributed to two competing factors. The first is the fact that with increasing rotational excitation, D 2 spends less time sampling the most favorable dissociation geometry, which increases the effective dissociation barrier. This effect dominates between J = 0 and J = 5, which leads to the observed decrease in the sticking coefficient. The second effect, which dominates at higher J, is the increase in rotational energy of D 2 with increasing J. For J > 5, the rotational energy helps to overcome the dissociation barrier and thereby increases the sticking coefficient. At higher J, the effect of the orientation on the observed reactivity is less significant than at low J because the faster rotation means that the molecule effectively samples a rotationally averaged potential.
Auerbach and coworkers (104, 105) further investigated the anisotropy of the PES for D 2 dissociation on Cu (111) . By using a linearly polarized laser for REMPI detection, they were able to determine the alignment of the desorbing D 2 . At the lowest E t studied, they observed a strong steric effect, which indicated that the dissociation would be promoted by aligning the D 2 bond parallel to the plane of the surface. Increasing E t reduces this preference, again because the increased energy allows the molecules to dissociate in less favored geometries. Auerbach and coworkers also observed that the alignment effect increases with increasing J. The authors argued that the smaller alignment effect at lower J can be attributed to a steering mechanism, where the anisotropy of the potential can steer the molecule into the most favored geometry independent of the initial approach geometry. 
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Figure 4
The relative sticking coefficients obtained for the dissociative chemisorption of H 2 on Cu (111) The trends observed for D 2 on Cu(111) are qualitatively similar for HD (106) and H 2 (107) on the same surface, as well as for Cu (110) (108) . For H 2 on Cu(111), the sticking coefficient was observed to decrease with increasing J up to J = 4. As with D 2 , it was found that E t was the most efficient at promoting dissociation, and rotational energy the least efficient. The relative probabilities of dissociation obtained from this study are presented in Figure 4 .
The studies above were restricted to T s > 850 K, due to the requirement that a significant number of H atoms or D atoms needed to diffuse through the bulk copper crystal. By using a molecular beam of H 2 or D 2 , Auerbach and coworkers (109) could reduce the temperature of the Cu(111) surface to 400 K. They measured the rovibrational distribution of the incident and scattered molecular beam using REMPI and TOF methods, and could relate the different rovibrational distributions measured before and after the surface to the probability of molecules becoming adsorbed on the surface. The authors observed the same dependence of the sticking coefficient on J as observed in the recombinative desorption measurements presented above at higher surface temperatures. Murphy & Hodgson (110) further investigated the effect of T s on the dissociative chemisorption of H 2 and D 2 on Cu(111). They found that as T s increased between 370 K and 900 K, the sticking coefficient increased at E t below approximately 70 kJ/mol. This was attributed to the reduction in the activation barrier due to the increased thermal motion of the surface atoms at higher T s .
Even the simplest molecule-surface reactions, such as the dissociation of H 2 and D 2 on Cu, still present a major challenge for theoreticians to develop first-principles models with chemical accuracy. Kroes & Diaz (111) detailed the current state of theoretical descriptions in a recent review.
Dissociative Chemisorption of H 2 on Palladium
In contrast to the dissociative chemisorption of H 2 on Cu(111), the dissociative chemisorption of H 2 on Pd(111) occurs without a significant activation barrier. Gostein & Sitz (112) determined the dissociation probability of H 2 on a Pd(111) surface by measuring the difference between the incident and scattered H 2 fluxes. They observed a decrease in sticking coefficient with increasing J for J = 0 to J = 3, before it increased for J = 4 and J = 5, again providing evidence that steering effects dominated the trends in the reactivity observed at the lowest J. Rettner & Auerbach (113) also studied the dissociation of H 2 on Pd(100) and found that the sticking coefficient decreased with increasing rotational state up to J = 3, the highest rotational state that was investigated. The alignment dependence of the sticking coefficient of D 2 on Pd(100) was measured by Wetzig et al. (114) . They found that the D 2 in v = 0 desorbed with the bond axis preferentially aligned parallel to the surface, with the alignment increasing with increasing J up to J = 6. In contrast, no alignment dependence was observed for v = 1.
Dissociative Chemisorption and Recombinative Desorption of D 2 on Silver
Hodgson and coworkers (115) 
Recombinative Desorption of H 2 on Silicon
Zare and coworkers (118) (119) (120) (121) studied the dynamics of hydrogen recombination on Si(100) and Si(111)-(7×7). They dosed the silicon surfaces with Si 2 H 6 to produce adsorbed H atoms, then increased the surface temperature and detected the desorbing H 2 using REMPI/TOF methods. The rovibrational state distributions of the desorbing hydrogen measured from both silicon surfaces were the same, within experimental error. Desorbing H 2 was detected in both v = 0 and v = 1, with the v = 1 population 20 times higher than predicted from a Boltzmann distribution at T s = 800 K, indicating that vibrational excitation should enhance the reverse dissociative chemisorption reaction. The observed rotational distributions indicated a steering mechanism that dominated at low J, similar to results obtained for copper and palladium surfaces. Zare and coworkers (119) also studied the desorption of HD and D 2 , finding that the ratio of molecules desorbing in v = 0 and v = 1 was the same in each case and that steering was observed at low J.
In a more recent study, Dürr & Höfer (122) used a molecular beam of hydrogen incident on Si (111) and Si(001) to study H 2 dissociation. By changing the nozzle temperature, they determined the sticking coefficients for v = 1 and v = 2, finding that the efficacy η(v = 1) is higher than η(v = 2). Bisson et al. (59) studied the dissociative chemisorption of SiH 4 on Si(100)-(2×1) using SIMS detection. The incident SiH 4 was prepared in the local-mode Si-H stretch overtone states |1100 and |2000 (123) . SiH 4 dissociation was observed to be vibrationally activated and mode specific. The SiH 4 prepared in |2000 was found to be more reactive than SiH 4 |1100 over the full range of E t = 6-116 kJ/mol probed by the experiments. Increasing T s from 373 K to 473 K increased the sticking coefficients for E t > 20 kJ/mol but decreased them for E t < 20 kJ/mol. Furthermore, below E t = 20 kJ/mol, the sticking coefficient increased with decreasing E t , indicative of precursormediated chemisorption. To be trapped in a precursor state, the incident SiH 4 must lose most of its momentum perpendicular to the surface on impact. Momentum transfer from SiH 4 to Si(100) is efficient due to the similar masses of the collision partners. The fact that vibrational activation of the SiH 4 chemisorption was also observed for the precursor pathway can be rationalized by the absence of fast vibrational energy relaxation to electron-hole pair excitation of the surface, as the SiH 4 vibrational energy (∼4,300 cm −1 ) is below the band gap (∼8,950 cm −1 ) of the Si(100) surface.
DISSOCIATIVE CHEMISORPTION OF SILANE ON Si(100)-(2×1)
DISSOCIATIVE CHEMISORPTION OF WATER ON Ni(111)
Hundt et al. (124) (111) on the basis of a global six-dimensional PES calculated using DFT. Initially, the calculated sticking coefficients were much higher than the experimental values, most likely due to an underestimation of the activation barrier calculated using the PW91 functional. Increasing the barrier improved the agreement with experiment, as shown in Figure 5 . The model could then be used to calculate the D 2 O laser-off reactivity due to thermal vibrational reactivity, as well as the true v = 0 reactivity. The authors determined the efficacy for one quantum of O-D stretch excitation to be η(ν 3 ) = 1.7, significantly larger than that obtained for the antisymmetric stretch of CH 4 on the same surface. This indicates that the dissociation of D 2 O is governed by a late barrier in the PES, a result supported by calculations of the transition-state structure, which showed significant elongation of the dissociating O-D bond.
The results of this combined experiment/theory study highlight the value of detailed experimental data for guiding the development of first-principles theory to arrive at a predictive understanding of processes at the gas-surface interface.
SUMMARY
The combination of molecular beams and quantum state-specific reactant preparation or product detection by laser radiation enables detailed studies of gas-surface reactions at a molecular level. These experiments demonstrate that a molecule's reactivity depends not only on the total initial incident energy, but also on the energy partitioning between the translational, rotational, and vibrational degrees of freedom, as well as on the reactant's quantum state. Mode specificity and bond selectivity had been observed previously in reactions in the gas phase (125-127), but were not necessarily expected to occur for gas-surface reactions due to the availability of many degrees of freedom of the solid surface for energy redistribution and relaxation. Harrison and coworkers (77) (78) (79) (80) 128 ) developed a statistical theory for chemisorption reactions, which assumed that complete IVR occurred in a physisorbed complex consisting of the reactant molecule and a certain number of surface atoms. The model was claimed to quantitatively describe the available experimental data on methane chemisorption using only the dissociation barrier height, the number of surface atoms in the complex, and a single phonon frequency characterizing the surface as input variables. However, a statistical model for chemisorption is inconsistent with the mode specificity, bond selectivity, and steric effects observed in the quantum state-resolved reactivity measurements described above.
The state-resolved experiments for methane chemisorption clearly demonstrate that IVR is far from complete before dissociation occurs when state-prepared reactants collide with a metal surface. The picture that emerges is one where only limited surface-induced IVR can occur because of the interaction between the incident reactant and the solid surface, which can even be responsible for the observed mode specificity. Halonen et al. (129) described such surface-induced IVR for C-H stretch-excited CH 4 prepared in the normal modes ν 1 and ν 3 . If the incident reactant is initially prepared in a molecular eigenstate, no IVR will occur as long as there is no interaction with the target surface. However, close to the surface (<0.5 nm), the molecule-surface interaction will initiate this surface-induced IVR process because the initially prepared eigenstate of the isolated molecule is no longer an eigenstate of the combined molecule-surface system. Instead, it can be described as a time-dependent superposition of the molecular eigenstates.
Jackson and coworkers (23, (130) (131) (132) (133) (134) have developed a dynamical approach that includes surface-induced IVR to model the dissociative chemisorption of methane on transition metal surfaces. In their reaction path Hamiltonian (RPH) model, they calculate the minimum energy path from reactants to products using DFT and assume that any motion orthogonal to this path can be described harmonically. They then propagate vibrationally adiabatic wavepackets for each vibrational mode of the molecule on the PES to determine the extent to which each mode softens and couples to the reaction path. The model also includes vibrationally nonadiabatic transitions between the vibrational adiabats. The calculations show that both mode softening and vibrationally nonadiabatic transitions contribute to the state-specific reactivity. The RPH model reproduces both the bond selectivity (130) and the mode specificity (23, (131) (132) (133) observed in the dissociative chemisorption of methane. It has also been used to model the dissociation of water on Ni(111) (134) .
At the opposite end of the spectrum, the SVP model proposed by Guo and coworkers (99, 100) neglects any surface-induced IVR, assuming that the timescale of the collision is too short. The SVP model, which is essentially an extension of Polanyi's rules (135) to a multidimensional PES, calculates the projection of the reactant's normal-mode vectors onto the reaction coordinate at the transition state. An initial state with a large projection onto the reaction coordinate at the transition state is expected to result in a large vibrational efficacy. This model has successfully captured the mode specificity observed in the deuterated isotopologues of methane (99, 100, 136) , as well as the high vibrational efficacy seen in the dissociation of water (137, 138) .
Rather than using a quantum approach to propagate the dynamics, Kroes and coworkers (22, (139) (140) (141) (142) (143) (144) use quasi-classical trajectory calculations in their ab initio molecular dynamics (AIMD) simulations of gas-surface reactions. One advantage of the AIMD treatment is that it includes all molecular degrees of freedom as well as the surface-atom motion, which is not yet possible using quantum dynamics. However, application of the AIMD model is restricted to incident energies above the activation barrier, where tunneling is not important. These full-dimensional calculations were used to test some of the approximations made in reduced-dimensionality calculations (139) . They have been used to model H 2 on copper (22, 140) and CHD 3 on Pt(111) (141-143) and on Ni(111) (139, 144) , but extension to CH 4 is difficult due to artificial IVR that can occur between bonds of the same frequency in classical calculations.
Although there has been significant progress in developing a predictive understanding of reactions at the gas-surface interface, the extent to which the BOA is applicable remains unclear. In the studies presented in this review, there is no conclusive evidence that nonadiabatic effects influence the dissociation dynamics. Recent experiments on the dissociation of HCl on Au (111) by Shirhatti et al. (145) measured the sticking coefficient to be much lower than predicted theoretically (146) . A possible reason might be that the calculations neglect nonadiabatic effects, which have been observed in surface scattering experiments for the same system (14) (15) (16) . Work by Hasselbrink and coworkers (147) (148) (149) has detected the possible presence of nonadiabatic effects in the recombination of H atoms on gold surfaces, which implies their presence in the reverse dissociative chemisorption reaction. Further quantum state-resolved reactivity studies on the dissociative chemisorption in these two systems might yield experimental evidence of electronically nonadiabatic effects.
The quantum state-resolved studies of gas-surface reactions described in this review give detailed insight into the complexity of these processes at a microscopic level. These experimental results provide a valuable resource to benchmark theoretical descriptions of dissociative chemisorption. The interplay between experiment and theory significantly contributes to the goal of developing a predictive understanding of reactions at the gas-surface interface.
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